Introduction
Removal of sulfur from petroleum fractions is one of the most important approaches to resolve recent environmental problems. In Japan, recent regulations have further reduced the allowable sulfur content in diesel fuel from 500 ppm to 50 ppm, and a further reduction from 50 ppm to 10 ppm is expected in the near future. Therefore, much academic and industrial research is aimed at finding and/or developing more active hydrodesulfurization (HDS) catalysts to satisfy the stricter sulfur regulations.
The development of better catalysts relies on accurate evaluation of HDS activity by a pilot test. In particular, minimization of the variation in sulfur measurement in the under 50 ppm region is very important, as a 1 ppm difference in sulfur content has a great impact on the results of the evaluation. Many factors may affect the product sulfur content in the pilot test of ultra deep HDS catalyst as follows.
• Maldistribution of feedstock due to inappropriate catalyst loading (method of catalyst loading, selection of sock or dense loading, deviation of loading density, catalyst support system, size and type of catalyst dilutant, etc.) 1),2)
• Reactor structure (isothermal or adiabatic reactor, catalyst volume, reactor length/diameter ratio, slight reactor distortion, thermocouple size, H2 introduction system, preheating system, heater block system, inner or outer thermal control system, selection of upward or downward feedstock flow direction, sampling system, etc.)
3) 9)
• Feedstock properties (origin of feedstock, initial boiling point, end point of distillation, sulfur content, nitrogen content, aromatic content, density, etc.) 10) • Pretreatment of feedstock (dehydration and deoxygenation) • Catalyst physicochemical properties (length, size, shape, sieving, etc.)
• Pretreatment of catalyst (drying condition, presulfiding agent (H2S, DMDS) and presulfiding conditions, such as temperature program, space velocity, hydrogen pressure, H2/oil ratio, duration, etc.) • Reaction conditions (temperature program, space velocity, hydrogen pressure, H2/oil ratio, duration, catalyst bed temperature profile, etc.)
2),12),13) Special precautions for evaluating ultra deep gas oil hydrodesulfurization catalysts in the pilot plant were investigated. Analysis using gas chromatograph atomic emission detector (GC-AED) and GC-MS showed free sulfur was formed in the hydrodesulfurized product gas oil, if H2S dissolved in the product oil contacted air. Although the precise mechanism of free sulfur formation is not clear, direct oxidation of H2S, Claus reaction or the oxidation of ammonium polysulfide are possible routes. Once free sulfur forms in the product gas oil, it is difficult to remove by stripping with nitrogen gas. To prevent the formation of free sulfur compound completely, H2S should be separated before contacting air in a pilot plant or in a sampling chamber sealed with nitrogen gas. On the other hand, no free sulfur compound was observed in commercial gas oil, as no contact with air occurs before H2S stripping.
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Experimental
NiO _ MoO3 _ P2O5/Al2O3 based catalyst was prepared by a conventional incipient wetness impregnation method as described elsewhere 14) . HDS activity of straight run light gas oil (LGO) as a base feedstock for diesel fuel was evaluated using a fixed bed high pressure flow micro reactor. Middle East LGO containing 1.3 wt% sulfur, 120 ppm nitrogen, 90% distillation at 636 K, 0.8554 ml/g density (specific gravity), and 26% total aromatic content was used as the feedstock for catalyst evaluation. Catalyst with original shape (100 ml) was loaded into the reactor without dilution. Then, the catalyst was presulfided with 2.0 wt% DMDS dissolved in the above feedstock at 523 K, LHSV 2.0 h −1 , 5 MPa and H2/oil = 250 Nl/l for 24 h. After presulfiding, the temperature was increased to between 603 and 633 K under isothermal conditions. The product sulfur content and remaining individual sulfur compounds in the product oil were analyzed with oxidative microcoulometry, gas chromatography with an atomic emission detector (GC-AED) and GC-MS, respectively, after H2S removal by nitrogen stripping. The nitrogen stripping was carried out by passing a flow of nitrogen gas through 15 ml of product oil at room temperature for 1 h. Nitrogen stripping in the pilot test plant was carried out by a nitrogen flow passed at 333 K for 2 h with a rate of 60 Nl/h. Oxidative microcoulometry was carried out using a TS-03 (Mitsubishi Chemical Corp.) according to Japan Industrial Standard method JIS K 2541-2. GC-AED was carried out with a gas chromatograph (Hewlett-Packard 5890 SERIES II) coupled with an AED (Hewlett-Packard 5921 A). The details of the GC-AED measurement conditions are shown in Table 1 . GC-MS analysis was carried out with a Hewlett-Packerd 5871. The details of the GC-MS measurement conditions are shown in Table 2 .
Results and Discussion
Sulfur content in product oil normally decreases with increasing reaction temperature. In our study, however, the sulfur content did not decrease with increasing reaction temperature in some cases, especially in the under 50 ppm sulfur region.
To investigate this phenomenon, the individual sulfur compounds remaining in the product oil were identified using GC-AED as shown in Fig. 1 . GC-AED is a very useful method which detects only sulfur compounds selectively. 4,6-Dimethyldibenzothiophene is the most refractory sulfur compound in LGO due to steric hindrance 15,)16) . However, we observed that the sulfur compound corresponding to 2-ethyldibenzothiophene seems to be the most refractory in some cases. Nevertheless, 2-ethyldibenzothiophene is unlikely to be more refractory than 4,6-demethyldibenzothiophene in terms of steric hindrance. Therefore, we checked again whether another sulfur compound was misidentified. Based on several reference sulfur materials, this sulfur compound was identified as free sulfur as shown in Fig. 2 . To confirm this finding, the GC-MS spectra of the product gas oil and the reference S8 compound dissolved in toluene were also compared (Fig.  3) . The result reconfirmed that both samples gave the same characteristic GC-MS spectra corresponding to free sulfur fragment S2 + . This free sulfur might not be originally present in virgin LGO, because the amount of free sulfur varies from ca. 2 to 15 ppm independing on the conditions of the HDS reaction but is related to waiting time for sulfur analysis. Therefore, this free sulfur probably forms during the sampling and sulfur analysis steps in the HDS pilot test.
The mechanism of free sulfur formation has not been quantified yet. However, several possibilities can be considered as follows,
During HDS reaction
Cracking of H2S:
After HDS reaction Oxidation of H2S:
nH2S + 2 NH3 NH4SnNH4 + (n − 1)H2 (6) NH4SnNH4 + H2 + O2 2 NH4OH + Sn (7) To evaluate these mechanisms, the effect of O2 contact after the HDS reaction was investigated. The product gas oil with or without air contact before H2S separation was analyzed by GC-AED. The result revealed that only the product oil in contact with air before H2S separation gave the characteristic S8 peak as shown in Fig. 4(a) . Therefore, the free sulfur was formed after the HDS reaction and before sulfur analysis. Since the air contact was related to free sulfur formation, only the above reactions from (3) to (7) could account for the free sulfur compound 17) . Once the stable free sulfur was formed in the product oil, it might be difficult to remove by stripping with nitrogen gas or steam. Even if the H2S in the product oil was stripped by nitrogen gas as soon as possible to minimize air contact, it was not possible to prevent the formation of free sulfur compound. Therefore, the free sulfur formation seemed to be a very fast reaction. To prevent the formation of free sulfur completely, H2S must be separated in a gas-liquid separator in the pilot plant before con- tact with air or separate H2S in a N2-sealed sampling chamber. Although the free sulfur content in product oil could be corrected by the intensity of free sulfur in the GC-AED results, this method cannot be recommended, as the accuracy is not confirmed. If free sulfur also forms in commercial gas oil, this becomes a very important problem to satisfy the 10 ppm sulfur regulation. Therefore, commercial deep desulfurized LGO with 30 ppm sulfur was examined by GC-AED to check whether free sulfur was present (Fig. 5) . Commercial operation conditions were almost same as the pilot test conditions except that LGO was not in contact with air before H2S separation in the process flow scheme. Therefore, the commercial LGO contained no free sulfur compound. Consequently, free sulfur formation is a problem specific to the pilot testing of HDS catalysts. Moreover, this is the new problem associated with the recent severe sulfur regulation, since the formation of 10 ppm free sulfur has not had a significant impact on 500 ppm sulfur limits but the effect of 10 ppm free sulfur on 10 ppm sulfur limits is considerable.
Conclusions
GC-AED and GC-MS measurements showed that free sulfur from ca. 2 to 15 ppm may form during the pilot test of ultra deep hydrodesulfurization of light gas oil. Although the mechanism of free sulfur formation was not determined, free sulfur forms if H2S dissolved in product oil contacts air. Once stable free sulfur is formed, it is not possible to measure the sulfur content accurately, as the free sulfur cannot be removed by nitrogen gas stripping. Therefore, special precautions are needed for evaluating the HDS activity of ultra deep HDS catalysts in the pilot test. On the other hand, free sulfur was not observed in commercial hydrodesulfurized gas oil, as no air occurs before H2S separation in the commercial process.
Accurate evaluation of ultra deep HDS catalysts requires standardization of all the details of the testing method. All academic researchers and industrial organizations concerned with the evaluation and/or development of ultra deep HDS catalysts should establish the ideal catalyst test method. 
